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Rocket Research Company has examined each of the monopropellant hydrazine gas generating
system approaches depicted in Figure 12 for the APU starter application. These candidate
subsystems are described below and a trade study presented to select the preferred concept. Rocket
Research Company has prior design and test experience with each of the system concepts discussed
and therefore has data available to make realistic system trade studies on all of the concepts. The
analysis of candidate systems has been made assuming the following specification requirements are
inviolate:

a. The system shall be capable of a minimum of 20 starts prior to replacement/refilling of

the propellant and pressurization tanks.

b. No maintenance of any kind is to be conducted on the system between each of the 20
starts in item a. above.

No power is available to initiate system operation.
d. No auxiliary equipment from the aircraft may be utilized to aid in system operation.

e. The system is to be self-contained within the aircraft.

The above constraints will immediately eliminate a portion of the systems examined. However, all
potential system concepts are presented for completeness of the study.

Description and Operation of Candidate Systems

Each of the feed systems shown in Figure 12 is described in the following sections, and its
applicability for use in the APU starter application is evaluated.

BLOWDOWN SYSTEM - The nitrogen-pressurized blowdown system is the simplest of all system
approaches shown. Because of its simiplicity, it has found wide use in space programs. The system
major components consist of a fuel tank, fuel control valve, a gas generator and associated fill valve,
and pressure gauge for monitoring system pressure. The fuel tank contains a quick disconnect for
removal from the system, refueling, and subsequent installation back into the system.

In this system the fuel and nitrogen are contained in a common tank. The system therefore operates
in a blowdown mode with the tank pressure decaying as propellant is expelled from the tank.

While this system does provide the least complex system design approach, it does have drawbacks
for the APU starter application. These include:
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Blowdown systems are larger in total volume than a nitrogen regulated system.
Blowdown systems are heavier in weight than nitrogen regulated systems.

c. The system provides a decaying pressure characteristic and therefore variable input to the
gas generator. For this application, this characteristic has serious drawbacks. The motor
must meet minimum and maximum torque output levels which limit the blowdown range
for the system. In order to satisfy both of these constraints, a small blowdown ratio must
be used resulting in larger tank volume and high weight.

LIQUID REGULATED SYSTEM - The liquid regulated system is similar to that described under
“Blowdown System’ except that a liquid regulator has been added to the system in order to
produce constant pressure to the gas generator. The system therefore consists of a fuel tank,
pressure regulator, fuel control valve, gas generator, and associated fill valve and pressure gauge for
monitoring system status.

As in the previous system, this system contains fuel and pressurant in a common tank. As fuel is
consumed, the fuel tank pressure decays, but the liquid pressure regulator maintains a constant
pressure to the gas generator. While this system offers only slightly increased complexity compared
to the blowdown system, it suffers similar disadvantages in that it requires additional volume and
weight when compared to the nitrogen regulated system.

NITROGEN-REGULATED SYSTEM — The nitrogen-regulated system consists of a high pressure
GN2 tank, a gaseous pressure regulator, fuel tank, GN?2 and fuel control valves, a gas generator and
associated fill valves, and pressure gauges to monitor system status. The system is compliant with
the baseline shown in the RFP except for the addition of the control valve in the GN? circuit. This
valve has been added to provide assurance that possible leakage past the pressure regulator in its
lockup position will not overpressurize the fuel tank.

In operation, high pressure from the GN?7 tank is pressure regulated to the desired fuel tank pressure
by the pressure regulator. To initiate system operation, both the GN2 and fuel control valves are
actuated which provides pressurant to the fuel tank and propellant to the gas generator. System
operation is terminated by closing of the control valves. Of the systems employing inert gas
pressurization, the nitrogen regulated system offers the lowest volume and weight.

HYDRAZINE PRESSURIZATION — The hydrazine pressurization system utilizes a separate
hydrazine supply to pressurize the main propellant tank. Since the pressurant is stored as a liquid
rather than a gas and the molecular weight of the gas products is less than that of nitrogen, this
system offers reduced weight and volume over that of the previously described systems. The
hydrazine pressurization system consists of a small hydrazine tank containing its own pressurant, a
pressurant control valve, a liquid regulator, a pressurant gas generator, a main fuel tank, a gas
generator and main fuel control valve for driving the hot gas motor, and associated fill valves and
pressure gauges for monitoring system status.
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To initiate system operation, the pressurant and fuel control valves are opened. Hydrazine from the
pressurant tank is regulated to the desired pressure and decomposed in the pressurization gas
generator. These gases pressurize the fuel tank allowing fuel to flow into the main gas generator
where it is decomposed and drives the hot gas motor.

While this system minimizes system weight and volume as compared to the nitrogen regulated
system, it has certain disadvantages for the APU starter which include:

a. Two separate fuel tanks which must be handled.
b. More complex system having higher cost.

c. Condensible constituents in pressurant (water and ammonia) which must be removed
during fuel tank refilling resulting in higher maintenance costs.

PUMP-FED SYSTEMS — Two types of pump-fed systems are shown in Figure 12, differing only in
the type of pump utilized. The systems both consist of a propellant tank, fuel pump, pressure
regulator, fuel control valve, gas generator, check valve, and associated fill valve and pressure gauge
for monitoring system status.

In the electric pump system, the system operation is initiated by energizing the motor pump and
the fuel control valve. Pressure from the gas generator is utilized to pressurize the fuel tank as well
as drive the hot gas motor. The electric pump supplies the pressure loss in the liquid circuit.

The mechanical pump system utilizes the gas generator hot gases to drive a piston which provides
the required pressure amplification to compensate for the liquid pressure drop.

The electric pump option violates a “no power” system design constraint and is therefore
eliminated from consideration.

In this application, both system design approaches have a disadvantage which make them
unattractive for the APU starter application. In the starter application, the gas generator chamber
pressure varies with motor speed. Therefore, a constant chamber pressure is not maintained, and a
resultant regulated system pressure cannot be realized. As motor speed and flow rate increase,
chamber pressure and thus tank pressure drop giving undesirable feed pressure characteristics and
eliminating this system from consideration for the APU starter application.

BOOTSTRAP SYSTEM — The bootstrap system as shown in Figure 12 consists of a propellant tank
with a differential area piston, a pressure regulator, a fuel control valve, a gas generator, and a check
valve. Initially, the system is charged to a low pressure. Once the fuel control valve is actuated,
propellant flows to the gas generator and is decomposed. This gas pressure is fed back to the top of
the differential area piston where amplification of the pressure occurs which compensates for the
liquid pressure drop and pressure is regulated to the engine.

For the APU starter, this system suffers the same problem as the pump fed systems in that the gas
generator pressure output is controlled by the motor speed and is not constant. Additionally, the
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differential piston tank is very heavy if the fuel load exceeds a few pounds. For these reasons and
the high maintenance associated with a piston type tank, this system is eliminated from further
consideration.

REMOTE FEED SYSTEM — In this system concept, the fuel supply and pressurization is remote
from the gas generator and fuel control valve being in ground support equipment. This system
approach is only applicable for ground starting where remote equipment could be connected for
APU starting. It violates a system design constraint and is therefore removed from further
consideration,

Selection of Baseline System Design Approach

Eight system design approaches for the APU starter were presented under “Description and
Operation of Candidate Systems”. Four of these system design approaches are eliminated in initial
screening because they violate design constraints for thg system. The remaining four system
approaches. blowdown, liquid regulated, nitrogen regulated and hydrazine pressurized have been
quantitatively evaluated against criteria and weighting factors applicable to the APU starter
program. The results of this analysis are shown in Table 5. The nitrogen-regulated system ranks
highest of the candidate systems and has been selected as the baseline design approach for the
hydrazine fueled APU starter program.

Table 5. Evaluation of System Design Approaches

: Liquid Nitrogen Hydrazine
Criteria Fotential | Blowdown Regulated | Regulated | Pressurized
Score System
System System System
System weight 30 10 9 25 30
System volume 30 10 10 25 30
Reliability 30 30 25 23 17
Maintainability 25 25 22 20 10
Cost 25 25 22 20 15
Performance variation with 20 12 20 10 17
environmental temperature
Prior system use 20 20 10 17 5
Total 180 132 118 140 124

BASELINE SYSTEM DESCRIPTION - The baseline flight system schematic is shown in Figure 13,
and a description of each of the system components is presented below.
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Item Description

(€)) Pressure indicator — Provide indication of system readiness. GN2 storage
pressure together with an appropriate pressure/temperature placard provides |
information regarding fuel remaining. |

() Fill/drain valves — Provide system access for pressurant and propellant tank
venting after 20 starts have been accrued.

3) Burst disc/relief valve assembly — This assembly provides positive sealing
against leakage in normal operation but prevents propellant tank overpressure
in the event of regulator failure during operation.

4) Manual start valve (GN2) — The manual start valve in the GN2 system serves
the primary function of long-term pressurant sealing between system firings.
This avoids dependence on the regulator as the only means of sealing. An
additional function of this valve is to limit maximum system pressure at
minimum ullage condition, by isolating pressurant prior to the first firing,
to permit optimization of the fuel tank for minimum weight. The valve is
functionally linked with the manual fuel start valve and initiates the fuel flow
start sequence at the same time as it initiates pressurization function.

(5 Check valve — This check valve serves the function of retaining pressure in the
tank which will permit one start in the event an upstream failure results in loss
of supply pressure.

(6) Regulator — This component reduces the high pressure stored nitrogen to the
required operating pressure in the fuel tank.

(7) Manual start valve (fuel) — This valve is actuated ‘“‘on” by the supply of
regulated GN7 from the GN? start valve and sequences all required functions
for the start. When the turbine has reached cutoff speed, a signal (electrical,
mechanical, or hydraulic) shuts the valve off and sequences all components
back to the required position for the next start. This valve also provides the
required flow rate control on start to achieve -65°F ignition.

(8) Gas generator — The gas generator decomposes the fuel to produce gas at high
temperature and pressure in sufficient quantity to produce the required work
to start the turbine.

9) Hot gas motor — This component expands the high pressure hot gas and
provides a torque input to the APU via a 10: 1 ratio gearbox to spin up the APU
turbine to starting speed.

Referring to the baseline schematic of Figure 13, the system operation is described as follows.
Manual operation of the GN7 start valve initiates a sequence which opens both the GN2 supply
valve and the fuel start valves. The opening rate of the fuel valve is controlled providing an initial
low flow rate followed by a ramp rise in flow rate to prevent instantaneous buildup of excessive
stall torque and excessive fuel flow to the gas generator preventing ignition at low temperature.
Opening of the GN2 control valve supplies high pressure gas to the pressure regulator where it is
regulated to the desired pressure. Fuel is pressure fed to the gas generator where it is decomposed
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and drives the hot gas motor. The motor output drives the turbine through a 10:1 gearbox,
accelerating it to 50,000 rpm. When rated speed is reached, a speed-derived signal initiates
shutdown. The shutdown signal closes both the main fuel supply valve and the GN2 supply valve
and returns the system to the ready condition for the next start.
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SECTION 1
STRUCTURAL AND MECHANICAL DESIGN

This section describes the basic design features of the 8 vane rotary hot gas motor.

A detailed design of the rotary motor has been completed. A full set of detailed drawings of the
unit are included as Section V of this report. The top assembly drawing of the rotary motor (RRC
drawing 26650) is shown in Figure 14 of this section.

The basic operating requirements for the rotary motor, hereafter referred to as the starter motor,
are as follows:

1) The starter motor must be as small and lightweight as possible consistent with aircraft
mounted componernts.

2) The starter motor must operate after extended exposures to ambient temperatures in the
range of -65 to +130°F.

3) The starter motor must be capable of operating through a minimum of 1,000 full power,
full duration starter operating cycles without maintenance.

4) The starter motor must be capable of operating in a successful manner when powered by
the products of decomposition* of the hydrazine based propellant blend that are supplied
by the hydrazine fueled hot gas supply system.

5) The starter motor must be capable of operating successfully during APU restart attempts
in the event that the first start attempt is unsuccessful.

6) The starter motor shall develop torque versus speed characteristics (at the output shaft of
the gearbox) with reasonable margin, consistent with the APU load characteristics shown
in Figure 2.

The following subsections discuss the structural and mechanical design features of the starter motor.

DESIGN DISCUSSION

The major components of the starter motor (see Figure 14) include the ball bearing mounted rotor,
the rotor vanes (8 each), the stator shell, the end plates that support the rotor bearings and position
the rotor eccentrically in the stator bore, and the various seals and springs. The output end of the
starter motor is configured to interface with a gearbox. The gearbox would provide a 10:1 setup in
shaft speed at the APU starter input pad.

The major design efforts associated wih the development of the configuration shown in Figure 14

were related to the requirements imposed by powering the device with the high pressure hot gas as
supplied by the hydrazine fueled gas generating portion of the APU starter system. Hot gas will be

*The exhaust products include nitrogen, hydrogen, ammonia, and water vapor as discussed in Section 1.
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26656-102-11 titanium inserts. These inserts increase the thermal resistance between the
endcaps and the bearings. The bore in the rotor shaft is also effective in reducing the
bearing heat load.

Manufacturing/Assembly Tolerances

Figure 31 (RRC Drawing SK 6013) summarizes all of the manufacturing and assembly tolerances
for the starter motor.

Materials of Construction

Figure 32 (RRC Drawing SK 5957) summarizes the materials of construction selected for each
component of the starter motor.

THERMAL CONSIDERATIONS

The starter motor has been modeled for computer analysis of the thermal-structural and
thermal-performance design verification. These computer programs are described and discussed in
Section III of this report. The importance of the thermal analysis is evident from its repeated design
influence, as discussed in the foregoing subsections of the structural and mechanical design review.

Figures 33 through 64 are plots of the temperature of the fixed bearing, floating bearing, rotor and
vanes as predicted by the thermal-structural model during typical starter operating sequences at the
extreme operating ambient temperature conditions of -65°F and +120°F. The node terminology
from the computer program is defined in Section III and noted on each figure, where applicable.

Figures 33 through 48 present component temperature versus time predictions for a starter
operating sequence at -65°F soak conditions of:

1) A full power, full duration start at -65°F soak conditions, followed by

2) A l-minute soakback time period simulating a delay between restart attempts, followed
by

3) A second full power, full duration restart (assumed successful), followed by

4) A 15-minute soakback period which is shown to be sufficient to assess the peak
temperatures in each of the four components.

Figures 49 through 64 are plots of the predicted temperatures of the same starter motor
components during the same sequence of opeation at an ambient temperature of +120°F. It is
noted that the time required to start the turbine is 12 seconds at -65°F, and 7 seconds at +1200°F.
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— MATERIK A [CORRL
"ﬂmm NAME ! PROTGTYPE [PRODUCTIGN [PROTG [ PROD. |aiorin REMARKS

1 [26651-101-11 [ROTOR RENE 41 BAR PER AMsS13[ 8aiss [ qiles
2 [26652-101-1\ [STATOR  [HAGTELDY C SANDCASTING PERAMSS3BA] 10.9L8s | B oLbs [STELLITE coon| PRODUCTION MATERIAL STELUTE CASTING
3[26653-100-11 [END PLATE 5.318s| 4.58s] ——— . .
4 [26654-10-1 | END pms_mm" SOOI AE | 7485 | 48| ——— . " e
5 [26656-101-11 | DEFLECTOR | TITANIUM BAR GAL-4VPER AMSAVM] 0330LBs G0oD
6 [26656-102-11 [ BEARING SEAT [ TITANIUM BAR GAL-4V PERAMG4928B] 1392 LB«
7 [26656-103-1 NuT 15-SPHCRES BAR PER AMS 5659 .2709 LBs TITANIUM
B [26656-104-1 [ RING NUT 15-5 PHCRES BAR PER AMS 5659 2471 L8e Ju—
9 [26657-101-11 [SPLITRING | INCONELX-750 BARPER AMS5669 .056 LBs SETOF TWO
10 [ 26657-102 -1 [ SPRING ELGILOY STRIP.Q07= 100+ 1.000 .008 L8s WEIGHT DF 16 UNITS
11 [26657-103-1| LOCK 302 CRES WIRE PER QQ-W-423 001l LBs
12 |]26657-108-11 [ LOCK LARGE | 302 CRES WIRE PER QQ-W-423 00240 (B¢
13 |26657-105-11 |SKIM 302 CRES SHIM LAMINATE .0013 LBe
14 |26657- 106-1| SHIM 302 CRES SHIM LAMINATE 0034 L B¢
15(26658-101-11 [END CAP | I5-SPHCRES BAR PER AMS 5659 .5Q85(8¢ TITANIUM
16 (26658 102- 1| [WASHER TITANIUM BAR GAL-4V PER AMS49288) .0399LBg
17 [26658-103-11 | SPACER TITANIUM BAR 6AL-4V PER AMS 40288 .0072LB¢ 200D s
18 =104-11| RETAINER | TITANIUM BAR GAL-4V PER AMS 4928 2959 L8s
19 26684 -301-11 | SEAL (SET) | REINFORCED CARBON 105 L8S TWO SETS OF EIGHT
2026605-30\ -1t | VANE ASSY |P-06SBRCH CARBON .492 LBs SET OF ElGHT
21 |MS27641-20 |BEARING . 22 LBS POSSIBILITY OF STELLITE 6 BEARING 1
22|MS276A1 - 26| BEARING .26 LBS POSSIBILIY OF STELLITE 6 BEARING
23/AND960 416l NASHER
24 V52621416 BOLT 375 LBS —
25| va324-8-10f Lock NUT |
26|VS324-B-048{ LOCK NUT 1

TOTAL [TOTAL

3535 | 31.84

1B5 | &S ]

Figure 32. Materials Used for APU Hydrazine Starter
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Figure 57. First 7-Second Firing at +1200F
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